Fabrication and characterization of metallic nanowires 
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The shape of metallic constrictions of nanoscopic dimen- 
sions (necks) formed using a scanning tunneling microscope 
(STM) is shown to depend on the fabrication procedure. Sub- 
mitting the neck to repeated plastic deformation cycles makes 
possible to obtain long necks or nanowires. Point-contact 
spectroscopy results show that these long necks are quite crys- 
talline, indicating that the repeated cycles of plastic deforma- 
tion act as a "mechanical annealing" of the neck. 
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I. INTRODUCTION 

The development of new experimental techniques such 
as the mechanically controllable break junctions (MCBJ) 
and the scanning tunneling microscope (STM) has made 
possible the formation and study of atomic-size junc- 
tions or contacts between macroscopic metals. Both tech- 
niques allow for a very precise control of the relative po- 
sition of two electrodes which is the key to the study of 
these nano junctions. These related techniques differ in 
the way the nano junction is formed: in the case of the 
STM the tip is driven into the substrate to form a large 
contact and then it is pulled back, while in the MCBJ a 
fine wire is pulled until it fractures and the two fragments 
are brought back into contact. 

Superconducting and normal contacts have been exten- 
sively studied at liquid helium temperature (4.2 K) 
and normal contacts at room temperature HQ]. More 
recently the mechanical properties and their correlation 
with the conductance have been studied using a combina- 
tion of force and tunneling microscopy techniques [p|-^0| . 

Theoretically, the atomistic mechanisms during plastic 
deformation of the contact JTT|-p^| and their effect on the 
conductance have been investigated using molecular 
dynamics (MD) simulations and a tight-binding approx- 
imation, and different geometries have been considered 
by conductance calculations using a free electron approx- 
imation |ljj-(lf]. 

In spite of all this effort no direct experimental geomet- 
rical and structural information of these necks has been 
presented. In this article we present a simple model that 



makes possible to obtain an estimate of the shape of the 
necks and their evolution during plastic deformation. We 
will also show that the type of neck produced depends on 
its deformation history and that it is possible to fabricate 
long necks or nanowires. These nanowires are quite crys- 
talline as evidenced by their electronic transport proper- 
ties at low temperatures. 
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FIG. 1. Four different sets of experimental conductance vs 
relative tip-substrate displacement cycles for Au at 4.2 K. 
Each set consists of 5 consecutive elongation-contraction cy- 
cles (one of the cycles is colored black while the other four are 
gray for clarity) . The arrows indicate the direction of motion. 



II. DETERMINATION OF THE GEOMETRY OF 
NECKS 

In STM and MCBJ experiments on nanojunctions the 
current that traverses the contact at a small constant bias 
voltage (several milivolts) is measured as a function of the 
relative displacement of the electrodes. Before a metallic 
contact is established the electronic current is due to the 
tunneling effect and the dependence of the current with 
distance is exponential Jll||| ■ Metallic contact is signaled 
by an abrupt increase of the current (the conductance 
for this first contact is of the order of 2e 2 /h, where e 
is the electron charge, and h is Planck's constant). The 
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variation of the current with the relative displacement 
of the electrodes depends on how the junction deforms 
plastically and can be quite diverse as attested by Fig. [|, 
where we show four different sets of STM experimental 
curves. 

In this section we will first discuss the conductance of 
an ideal metallic constriction and its relation to the min- 
imal cross-sectional area, and then we will present a sim- 
ple slab model for the evolution of the constriction with 
relative displacement which makes possible to obtain an 
estimate of the shape of the constriction and mechanical 
properties of the neck. 



A. Conductance of a metallic constriction 

Electronic transport through a metallic constriction 
whose dimensions are smaller than the mean free path 
of the electrons [^0| is ballistic. The conductance of such 
a constriction was first derived semiclassically by Sharvin 
pjj . More recently Torres et al. jlf}] using an exact quan- 
tum calculation derived a corrected version of Sharvin 
formula. 
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where Xf is the Fermi wavelength; A and P are the area 
and perimeter of the minimal cross section; b is a pa- 
rameter that depends on the shape of the neck, being 
1/2 for a cylindrical tube (9 = 0), and 1/4 for a circular 
hole (6* = 7r/2). The classical Sharvin prediction [ pl|j22| 
corresponds to b = 0. As the contact area increases the 
correction due to the perimeter becomes relatively less 
important (about 5% for a contact radius of 2 nm for 
Au). A more realistic approximation to a real constric- 
tion that takes into account the work function of the 
material instead of a hard wall potential (23) reduces this 
correction even further. 

Equation |l| can be used to estimate the minimal cross 
section of the constriction. Note that if the neck is ballis- 
tic and not too small the error introduced by not know- 
ing the aperture angle is negligible. However the exis- 
tence of defects or disorder would have the effect of de- 
creasing the conductance for a given geometry and us- 
ing eq. I] would underestimate the neck diameter. These 
effects have been studied by Todorov and coworkers us- 
ing a molecular dynamics simulation to obtain the evo- 
lution of the atomic positions during plastic deformation 
of the neck and a tight-binding model for the conduc- 
tance corresponding to a given atomic configuration p[ . 
These authors find a reduction in the conductance of up 
to 20% with respect to the free electron result. Rough 
boundaries also affect the oscillating structure due 
to the opening and closing of conductance channels but 
the smooth part of the conductance is still well described 
by the modified Sharvin formula. More extended defects 
would cause an even larger reduction [p4[. 



CM 




1 2 3 4 5 

tip displacement (nm) 

FIG. 2. Simultaneous measurement of conductance and 
force during an elongation-contraction cycle, for Au at 300 
K. The arrows indicate the direction of motion. 



Experimental information on the degree of disorder 
in the constriction can be obtained using point-contact 
The derivative of the differential con- 
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ductance of a point contact (PC) contains information 
about the inelastic electron backscattering. For ballistic 
point contacts the dominant inelastic scattering mecha- 
nism is phonon scattering, and the Eliashberg function 
for the electron-phonon interaction in the point contact 
situation, or point contact spectroscopic (PCS) curve, is 
given by pi 
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where R = dV/dl, is the differential resistance; ftp is the 
Fermi wave number; and m is the electron mass. The am- 
plitude of the phonon induced-peaks is reduced if there is 
elastic scattering (for example, due to impurities or de- 
fects) in the contact region. Consequently, a large PCS 
amplitude indicates that the constriction is indeed bal- 
listic. 



B. Slab model 

A simple slab model, similar to that used by Torres et 
al. [ p6| can be used to relate the changes in the minimal 
cross section as the neck length is varied to the shape 
of the neck. This model is suggested by the results of 
STM/AFM experiments jl(|. In these experiments, in 
which the conductance and force as a function of relative 
displacement are measured simultaneously, it is observed 
(see Fig. 0) that when the conductance is rather constant 
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the force varies linearly, while the abrupt jumps in con- 
ductance are correlated to abrupt force relaxations. Be- 
tween the relaxations deformation is elastic (no energy 
is dissipated). This correlation has been clearly demon- 
strated in nanometer-sized contacts (several hundreds of 
conductance quantum units) |g] and in atomic-sized con- 
tacts (just a few quantum units) |[o]]. Note that changes 
in conductance due to effects like conductance quantiza- 
tion would never show as abrupt jumps, but rather as 
smooth structure in the steps |p6| . This behavior has 
a clear interpretation: the neck deforms elastically un- 
til the stress reaches a critical value (about an order of 
magnitude larger than the bulk value |8|,|l0|]), and then 
relaxes abruptly to a new configuration. 
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FIG. 3. Plastic deformation of a neck consisting of cylindri- 
cal slabs. From one configuration to the next only the central 
slab elongates, while the rest of the neck does not change. 

Let us model the neck as a constriction with cylindrical 
geometry, consisting of slabs of different radii and thick- 
nesses, symmetrical with respect to a plane normal to 
its narrowest section as depicted in Fig. ||a. The elastic 
properties of the neck e.g. the Young's modulus E and 
Poisson's ratio [i are identical to the bulk values (this 
is reasonable from a theoretical viewpoint and has also 
been shown experimentally in refs. fs|]l0||). The basic as- 
sumption for this model is that only the narrowest part of 
the neck deforms plastically. This is likely to be the case 
because the weakest spot will become the narrowest cross 
section even if this was not initially the case (due for ex- 
ample to the existence of a very defective spot). This as- 
sumption could break down for temperatures larger than 
about 50% of the melting temperature for which diffusion 
will be important. 

When the neck is being pulled the central slab will 
change to a longer (and narrower due to volume conser- 
vation) configuration in order to relax the stress. For 
instance if the central slab has initially a cross section 
A = ttRq, and a portion A of its length is involved in 
the change of configuration, the new cross section would 
be A\ — AoAo/(Ao + Al), where Al is the change in 
length (see Fig. Bp) , and the number of slabs increases by 
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FIG. 4. Evolution of the conductance for different power 
law dependences of the plastic deformation length A as given 
by eq. | and ^| 

two. After stretching n intervals (assuming the changes 
in length are always equal to Al), the increase in length 
would be nAl, the minimal cross section 
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and the spring constant k n of the whole neck 
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where ko is the spring constant of the neck before starting 
the elongation. The central portion of the neck consists 
of slabs of cross section A* = A,-_iAj_i/(A,-_i + Al), and 
thickness (Aj_i + Al — Aj)/2. Note that we only know the 
shape of the pulled portion of the neck but the initial neck 
is unknown. This parameter A which we may call plastic 
deformation length, is related to portion of the neck that 
changes plastically and in general it will depend on the 
cross section, length and history of the neck. In the limit 
Al — > 0, the plastic deformation length can be written as 
A = — (din A/dl) -1 . Note that A is a phenomenological 
parameter that will be determine from the experimental 
data using eq. |^. We will see that the plastic deformation 
length varies during plastic deformation of a given neck, 
and depending also on the fabrication procedure. 

As an illustration of how the plastic deformation length 
reflects on the conductance curves, let us consider that 
the plastic deformation length at each step depends only 
the cross section A = aoA n , the differential equation for 
A can be solved analytically. For an initial elongation 
zero we have 
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where I is the elongation. 

The evolutions of the minimal cross-section, and con- 
sequently of the conductance, with the changes in length 
are shown in Figji[ In Ref. ||, Stalder et al. || consid- 
ered only the case n = 0. Fig. || shows a simulation of 
the neck evolution including the effect of elastic deforma- 
tion. The black dots represent the equilibrium (relaxed) 
configurations, and we have assumed that the relaxations 
occur at a fixed value of the apparent pressure (force di- 
vided by minimal cross-section area) as observed experi- 
mentally HJio). 



c 

(0 

o 

3 
T3 
£ 

o 




1 2 3 4 5 

tip displacement (nm) 

FIG. 5. Simulation using the slab model of the conductance 
and force during an elongation-contraction cycle. The relaxed 
position for each configuration is marked with a black dot. We 
are depicting a fairly ideal case in which the configurations 
during elongation are the same as the configurations during 
contraction. 



III. EXPERIMENTAL RESULTS 
A. Fabrication of the necks 

The necks studied in this article have been obtained 
using an STM and an STM/AFM combination, and the 
experiments where performed in different conditions: low 
temperatures (4.2 K) in He exchange gas, room tempera- 
ture in He gas, and room temperature and ambient condi- 
tions. The fabrication procedure described in this section 
works with ductile metals like Pb, Au, Al and Sn. In this 
article we will only present the results for Au. 

The basic procedure consists of crashing a clean metal- 
lic tip into a clean metallic substrate in a controlled man- 
ner. The STM is convenient because besides the high de- 
gree of control on tip-substrate separation (vertical posi- 



tioning) , it makes possible the selection of different spots 
on the substrate (horizontal positioning). We normally 
use the same metal for both tip and sample because this 
guarantees that the composition of the neck is homoge- 
neous. As the tip is pressed against the substrate both 
electrodes deform plastically and then bind by cohesive 
forces forming a metal contact. Retraction of the tip 
results in the formation of a connective neck that elon- 
gates plastically and eventually breaks. In all the duc- 
tile metals studied rupture takes place through a gradual 
decrease of the cross section of the neck. Measuring the 
current through the neck at a fixed bias voltage of 10-100 
mV applied between tip and substrate makes possible to 
know the conductance as a function of the displacement 
of the tip relative to the substrate and follow the evolu- 
tion of the neck. As will be shown, this evolution depends 
on the history of the contact. 

In order to form a metal contact, tip and substrate sur- 
face must be clean. Nevertheless, the preparation proce- 
dure is not very critical: it is necessary to get rid of oxides 
and organic contaminants. For Au samples sonication 
in acetone or cleaning in a 3:1 concentrated H2SC>4:30% 
H2O2 solution work fine. For Pb or Al scratching the 
surfaces with a clean blade is adequate. Tips are al- 
ways clipped and care must be taken not to produce a 
very fine tip that could bend elastically since we want all 
the deformation (both plastic and elastic) to take place 
at the contact. It must be emphasized that the actual 
cleaning of the contacting surfaces takes place during the 
experiment: the tip is crashed forcibly and repeatedly 
into the substrate causing extended plastic deformation 
until a good metallic contact is obtained. Pressing tip 
and substrate hard has the effect not only of displacing 
adsorbates or oxide on the surface but also of involving 
large amounts of material in the formation process which 
makes possible the fabrication of longer necks. This fab- 
rication procedure contrasts with the gentle contact for- 
mation by other authors both in conductance [^|J^] and 
force H measurements. 

In the STM experiments formation of a good metal- 
lic contact is easily recognized because after rupture the 
apparent tunneling barrier attains a high value (3-4 eV) 
and separation of tip and substrate results in the forma- 
tion of a protrusion on the substrate that can be imaged. 
In this case the last contact has been shown to be of the 
order of 2e 2 /h. Formation of a good metallic contact is 
even easier to recognize in the STM/AFM experiments 
since contamination produces a repulsive force while in 
the tunneling regime. 

After the initial preparation of the contact described 
above, repeated cycles of elongation and contraction with 
a given amplitude typically result in a very similar cur- 
rent (and force, in the STM/AFM experiments) evolu- 
tion, that is, a kind of steady state is reached. We must 
remark that the system remains in this steady state un- 
til the amplitude or offset of the cycles is altered, and 
in some cases as we will see below subsequent cycles are 
very repetitive. In a marked contrast with macroscopic 
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plastic deformation the contact shows no sign of fatigue. 
We only present results for these steady-state cycles. The 
usual data acquisition parameters are 2048 data points 
per cycle at a rate of 10-100 jus, and typically sets of five 
cycles are acquired. 

It is important to note that the necks (slope and hys- 
teresis of the cycles) depend strongly on the fabrication 
procedure. Gentle contact causes necks of type A (see 
Fig. [l]) while repeated cycling produces necks of type D. 



B. Shape of the necks 

In order to determine the minimal cross section from 
the conductance using the modified Sharvin formula cq. 
[I], it is necessary to be certain that the necks are ballis- 
tic. For the experiments performed at low temperature 
we have used point-contact spectroscopy (PCS). Fig. ^ 
shows the PCS curves corresponding to necks, that is 
steady state plastic deformation cycles, similar to D, C, 
and B in Fig.Q. For a given neck, the PCS curve does not 
change with the conductance, that is the derivative of the 
conductance scales with i? 3 / 2 as given by eq. ||, but the 
amplitudes of the phonon peaks are different for different 
necks. For a neck such as D, the amplitude of the phonon 
peaks is maximum (black curve in Fig . ^) and similar to 
that of previously reported spectra [ET[ for ballistic point 
contacts, indicating that these necks are quite crystalline 
p5j. In necks such as B and C the amplitude of the 
phonon peaks in the PCS curve is reduced (gray curves 
in Fig. ^) due to elastic scattering in the neck region, in- 
dicating the presence of defects, but still the necks are far 
from being disordered. From this evidence we conclude 
that our experimental metallic necks formed by plastic 
deformation are quite ballistic and not disordered. This 
idea is supported by the results of the molecular dynam- 
ics simulations [ p~T|JT2) . 

In Fig. |l| we show four representative experimental sets 
of data. Each set consists of 5 elongation-contraction cy- 
cles. In order to use the previously defined slab model to 
deduce the shape of the corresponding necks, we have to 
find the equilibrium points (zero elastic force points) of 
each configuration, which is approximately in the mid- 
dle of the hysteresis cycle as illustrated in Fig. ||. The 
plastic deformation length A for these necks at the largest 
radius (approximately 1.9 nm, corresponding to 120 con- 
ductance units) is: for curve A, 0.2 nm; for curve B, 1 nm; 
for curve C, 2.8 nm; and for curve D, about 6 nm. In all 
cases, except for curve A, this value decreases monotoni- 
cally. Taking into account the physical meaning of A, we 
can see that for neck D the amount of material involved 
in the plastic deformation is many times larger than for 
neck A. In this last case only one atomic layer is involved 
while in the former case many layers redistribute in the 
process of plastic deformation. 

In order to summarize all the different observed behav- 
iors, in Fig. [?] we show a log-log plot of A vs A at room 
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FIG. 6. PCS curves at 4.2 K for Au necks whose behaviors 
are similar to those in Fig. [j]. The black curve corresponds 
to a cycle of type D, at a conductance of 83 units; dark gray 
curve corresponds to type C, at conductances 77, 106 and 130 
conductance units; light gray curve corresponds to type B at 
conductances 77, 103, 130 conductance units. All the curves 
for a given cycle are included within thickness of the plotted 
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FIG. 7. Plastic deformation length vs minimal cross section 
of Au necks fabricated at room temp erature and 4.2 K. The 
dashed line represents A = 2y/ A/%, i.e., an aspect ratio of 
one. 
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temperature and at 4.2 K. The few curves plotted are 
representative of the observed behavior for hundreds of 
necks of cycles. All the observed curves are within the 
same region in the plot. The dashed line corresponds to 
a A equal to the diameter of the neck. Note that some 
curves lie above this line, that is, the longest necks are 
longer than their diameter. Naturally A decreases to a 
few tenths of nanometer as the minimal section decreases 
to that corresponding to a few atoms. On the other hand, 
the shortest necks show small variations of A, typically 
from 0.5 to 1 nm. Necks formed at low and room temper- 
ature are not very different (at room temperature long 
necks are somewhat easier to form and typically about 
30% longer). This is to be expected since room tempera- 
ture is still much lower than the melting temperature for 
A- 
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FIG. 8. Conductance and shapes of the necks in Fig. |l| 
using slab model. 

In Fig. |^ we show the geometry of four necks right be- 
fore breaking. We have chosen the dependence of A on A 
similar to that corresponding to the experimental necks 
m Fig. |. This fi gure illustrates the fact that starting 
from the same cross sectional area it is possible to have 
necks with very different geometries. We must emphasize 
that necks labelled A and D are the limiting cases. Neck 
A (short neck) has a constant A ~ 0.2 — 0.3 nm. On the 
other hand, neck D (long neck or nanowire) corresponds 
to the longest observed necks. Note that according to 
the model the shape of the neck is only determined by 
A (A) and not by the initial cross sectional area of the 
neck. Neck D not only is longer but also, as shown by 
the PCS curve, it has less defects, that is, it is more 
crystalline. Another interesting features of these long 
necks is that their evolution is typically very repetitive. 
Fig. H shows another long neck. The repetitiveness is re- 
markable, not only the five consecutive cycles superpose 
almost perfectly, but the configurations appear to be the 
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FIG. 9. Striking repetitiveness of the conductance during 
the cyclical plastic deformation of a long Au neck at 4.2 K. 
This is a set of five consecutive elongation-contraction cycles. 
The neck goes through the same (or very similar) configura- 
tions during elongation and contraction in all the cycles. 



same (or very similar) for elongation and contraction. 
These long necks very often evolve repetitively for an in- 
definite number of cycles once the steady state is reached. 
This repetitiveness is not observed in short necks. This 
behavior is likely to be related to the deformation mech- 
anism during plastic deformation. For short necks, relax- 
ation would involve structural transformation in which a 
portion of the neck of thickness A composed of just a few 
atomic layers disorders and then rearranges to form an 
added layer |pl] , p6| , that is, some kind of order-disorder 
transition. This disorder precludes repetitiveness. On 
the other hand, the values of A for long necks indicate 
that the structural transformation involves many atomic 
layers. In this case the deformation mechanism is likely 
to involve gliding on (111) planes (as illustrated by the 
recent molecular dynamics simulations in Ref. Jl3| , p8| ) 
instead of disorder and rearrangement making pos- 
sible a cyclic evolution through almost identical configu- 
rations. 

If the substrate is imaged right after breaking a neck 
a protrusion is observed on the spot where the neck was 
formed. Fig. [lO] shows the profile of such a protrusion. 
The observed profile must be corrected (dashed line) tak- 
ing into account that a similar protrusion is acting as 
scanning tip. These dimensions are consistent with the 
shapes estimated using the slab model. 

The geometries of the necks in Fig. || suggest that when 
a neck of type A breaks at low temperatures when surface 
difussion is negligible the last few atoms should form a 
sharp spire. However, this kind of structure is unlikely to 
be stable due to surface tension. This final sharp struc- 
ture retracts several tenths of nanometer and only a blunt 
protrusion is visible. 

The different types of necks described above depend 
on the history of the contact. In the case of Au illus- 
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trated here, short necks (type A) are typically obtained 
for the initial indentations, while long necks (type D) 
require deeper indentation and repeated elongation and 
contraction. The fact that long necks present a promi- 
nent and repetitive stepped structure in the conductance 
(like the neck in Fig. ||), and a large amplitude of the 
phonon peaks in the PCS curve, indicates that the neck 
is quite crystalline. Possibly this repeated plastic defor- 
m 
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FIG. 10. Profile of a protrusion resulting after breaking a 
long Au neck (T = 4.2 K). If we assume that the protrusion 
on the substrate is scanned with a similar protrusion acting 
as STM tip the actual dimensions of the protrusion would be 
given approximately by the dashed line. 



IV. CONCLUSIONS 

A simple slab model that correlates minimal cross- 
sectional areas determined from the electrical conduc- 
tance during the contraction and elongation process to 
the relative tip-substrate displacement can be used to es- 
timate the shape of the metallic neck formed using an 
STM, and point contact spectroscopy (PCS) can be used 
to check that the constriction is indeed ballistic which 
is essential for the correct determination of the minimal 
cross section. 

Determination of the shape of experimental Au necks 
at low (4.2 K) and room temperatures shows that there is 
a strong dependence on the fabrication procedure, being 
it possible to form long necks (or nanowires) by repeated 
elongation and contraction, while necks formed at initial 
shallow indentations are typically short. 

The striking repetitiveness of the conductance during 
elongation-contraction cycles of the long necks and the 
fact that electronic transport is ballistic as indicated by 
PCS measurements shows that long necks quite crys- 
talline. 
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